The locus coeruleus (LC) is a major noradrenergic brain nucleus that regulates states of arousal, optimizes task-oriented decision-making, and may also play an important role in modulating the activity of the reproductive neuroendocrine axis. Rodent studies have shown that the LC is responsive to glutamate receptor agonists, and that it expresses various glutamate receptor subunits. However, glutamate receptor subunit expression has not been extensively examined in the primate LC. We previously demonstrated expression of the NR1 NMDA glutamate receptor subunit in the rhesus macaque LC, and now extend this work by also examining the expression of non-NMDA (AMPA and kainate) ionotropic glutamate receptor subunits. Using in situ hybridization histochemistry and immunohistochemistry, we confirmed the presence of the obligatory NR1 subunit in the LC. In addition, we demonstrated expression of the AMPA glutamate receptor subunits GluR1, GluR2 and GluR3. More extensive receptor profiling, using rhesus monkey gene microarrays (Affymetrix GeneChip®), further corroborated the histological findings and showed expression of mRNA encoding ionotropic glutamate receptor subunits NR2A, NR2D, GluR4, and GluR6, as well as the metabotropic glutamate receptor subunits mGluR1, mGluR3, mGluR4, mGluR5 and mGluR7. These data provide a foundation for future examination of how changes in glutamate receptor composition contribute to the control of primate physiology.
Introduction
The locus coeruleus (LC) is the principal noradrenergic nucleus of the brain and is connected to areas as wide ranging as the cerebral cortex, thalamus, hypothalamus, olfactory bulb, cerebellum, midbrain and spinal cord (Moore and Bloom, 1979; Foote et al., 1983; Loughlin et al., 1986; Luppi et al., 1995; Berridge and Waterhouse, 2003) . Early research implicated LC activity in a range of physiological responses originally described in terms of "arousal" and responses to "stressful" stimuli (Cedarbaum and Aghajanian, 1978; Aston-Jones and Bloom, 1981; Elam et al., 1985; Abercrombie and Jacobs, 1987; Curtis et al., 1993; Rasmussen, 1995; Singewald and Philippu, 1998) . More recently, drawing extensively from primate studies Rajkowski et al., 2004) , Aston-Jones has proposed an integrative "adaptive gain" hypothesis interpreting the LC as cognitive "attention filter" to optimize performance based on the outcome of task-related decision processes (Aston-Jones and Cohen, 2005a; 2005b) . Overall, the LC integrates information regarding cognition, states of awareness, alertness and associated behavior (Berridge and Waterhouse, 2003) . Related to such integration, is LC regulation of sleep (Cirelli et al., 1996; Gonzalez et al., 1996; Aston-Jones, 2005) and circadian rhythms (Gonzalez and Aston-Jones, 2006) . For example, the LC acts in concert with hypocretin/orexin (Horvath et al., 1999; Bourgin et al., 2000; Espana et al., 2005; Downs et al., 2007) and is a key player in awareness/alertness disorders such as narcolepsy (Fruhstorfer et al., 1989; Wu et al., 1999) .
In addition, LC neural connections to the hypothalamus (Mason and Fibiger, 1979; Sawchenko and Swanson, 1981; Sawchenko and Swanson, 1982; Sawchenko et al., 1985; Loughlin et al., 1986; Cunningham and Sawchenko, 1988) provide an anatomical basis for LC function in mammalian reproduction. Detailed work in rabbits (induced ovulators) show that LCmodulated norepinephrine (NE) and NE transporter (NET) levels regulate hypothalamic gonadotropin releasing hormone (GnRH) and luteinizing hormone (LH) in response to coitus or estradiol stimulation Pau et al., 1998) . These studies support the hypothesis that the LC is a relay station for reproductive signals reaching hypothalamic GnRH neurons in a proposed estrogen-induced NE→GnRH→LH-surge mechanism Yang et al., 1998) and suggest a mechanism by which the LC may be involved in hypothalamo-pituitary-gonadal (HPG) regulatory feedback. An LCmediated HPG relay involving NE may also exist in primates, and be involved in the generation of GnRH-regulated pulsatile LH release (Terasawa et al., 1988; Pau et al., 1989; Gearing and Terasawa, 1991) as well as the LH surge (Pau et al., 2000) .
The primate reproductive neuroendocrine axis is also profoundly influenced by glutamatergic pathways. These have been shown to activate GnRH release and to advance the onset of puberty (Wilson and Knobil, 1982; Gay and Plant, 1988; Plant et al., 1989; Reyes et al., 1991; Medhamurthy et al., 1992) . However, because GnRH neurons show only low levels of glutamate receptor expression, non-hypothalamic glutamate-responsive noradrenergic afferents may play an important intermediary role (Leranth et al., 1988; Urbanski et al., 1996) . The goal of the present study was to add credence to this possible mechanism, by examining the expression of various glutamate receptor subunits in the primate LC.
The neurotransmitter glutamate is highly abundant in the mammalian brain (Brann, 1995; Brann and Mahesh, 1995) and appears to be involved in most LC functions. For example, there is a wealth of data showing that noxious or stressful stimuli can stimulate glutamate release (likely from afferent neurons) in the LC (Singewald et al., 1994; Singewald et al., 1995; Singewald et al., 1996) , and that the responses of the LC to activated afferents from the prefrontal cortex are mediated through glutamate receptors (Jodo and Aston-Jones, 1997) . Such glutamatergic activation of the LC influences efferent synaptic responses involved in neural plasticity and memory (Walling and Harley, 2004) .
Ionotropic glutamate receptors (ligand-gated ion-channels) belong to three pharmacologically defined classes named after selected agonists: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate (Gasic and Hollmann, 1992; Hollmann and Heinemann, 1994; Dingledine et al., 1999) . We have begun characterizing the glutamate receptor composition of the rhesus macaque LC by demonstrating of the presence of NR1 (i.e., NMDAR1), the obligatory glutamate receptor subunit . Our primary goal in the current study was to extend this research by providing a more comprehensive characterization of glutamate receptor subunit expression in the rhesus macaque LC. The recent completion of genome sequencing in this nonhuman primate, and the demonstration of 97.5% identity between the coding regions of macaques and humans (Gibbs et al., 2007) , make the interpretation of glutamate receptor function in the macaque LC highly relevant to hypotheses regarding human brain physiology.
Results

LC localization
The LC was identified in coronal brain sections using immunohistochemistry for tyrosine hydroxylase (TH), a key enzyme in the biosynthesis of catecholamines (Fig. 1) . As expected, the expression level of TH was characteristically high and concentrated in a discrete elongated bilateral nucleus, immediately lateral to the fourth ventricle and medial to the superior cerebellar peduncle. Nissl staining showed the mensencephalic trigeminal nerve tract laterally abutting the LC.
In situ hybridization and immunohistochemistry
Probes used for in situ hybridization (performed on sections adjacent to those showing TH immunoreactivity) revealed high binding to the NR1 NMDA receptor subunit mRNA in the LC and in the surrounding tissue (Fig. 1) . Similar results were obtained using probes for the GluR1, GluR2 and GluR3 AMPA receptor subunit mRNA (Fig. 1) .
On a separate set of sections (also adjacent to TH immunopositive sections), immunohistochemistry using antibodies against NR1, GluR1 and GluR2/3 disclosed glutamate receptor subunit protein expression in LC neural tissue (Fig. 2 ). These immunopositive perikarya had a similar distribution pattern to TH within the LC, were present in approximately the same number and had similar perikaryal size.
Gene profiling using cDNA microarrays
Because of limited availablilty of specific probes and antibodies, we also attempted a more comprehensive assessment of LC glutamate receptor subunit expression using microarray gene analysis. The results demonstrated TH mRNA in tissue samples from both of the rhesus macaques examined in the current study, thereby confirming that the RNA was derived correctly from the LC. The absence of glial fibrillary acidic protein (GFAP) expression (Table  1) , used as a gene marker for astrocytes, corroborated that RNA contamination from astrocyterich pericoerulear tissue was low. Although the primary focus of the gene microarray analysis was on glutamate receptor subunits, we also examined whether the LC has the capacity to produce the neurotransmitter glutamate itself. The analysis showed that each of the three common vesicular glutamate transporter genes (VGLUT1, VGLUT2, and VGLUT3) was expressed in the LC, with VGLUT2 being particularly abundant (Table 1 ). In addition, genes encoding glutaminase (the enzyme that catalyzes the conversion of glutamine to glutamate) and glutamic acid decarboxylase (the enzyme that catalyzes the conversion of glutamate to GABA) were also highly expressed in the LC of both animals (Table 1 ).
Detection levels for housekeeping genes β-actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were high and comparable between the two animals ( Table 1) . Signal intensities for ACTB differed between the two animals by less that 4%, and the intensity of the GAPDH signal was three to four times that of the ACTB signal (data not shown).
Microarray analysis of the ionotropic glutamate receptor subunit sequences in the LC (Table  2) showed mRNA expression encoding NR1, NR2A and NR2D NMDA receptor subunits, as well as GluR1, GluR2, GluR3 and GluR4 AMPA receptor subunits. Expression of mRNA for GluR2 and 4 was particularly strong, while expression for GluR3 was particularly weak, with convincing chip hybridization demonstrated in only one of four GluR3 probe sets. Of the kainate receptor subunit sequences, only a low level GluR6 mRNA expression was evident. No mRNA for the delta subunits appeared to be expressed in the LC. Microarray analysis for the metabotropic glutamate receptor subunit sequences (Table 3) showed expression of mGluR1, mGluR3, mGluR4, mGluR5 and mGluR7, but not mGluR2, mGluR6 and mGluR8 mRNA in the LC.
Discussion
The presence of mRNA encoding tyrosine hydroxylase (TH), a rate-limiting enzyme of the catecholamine biosynthesis pathway, indicates that the micro-dissected tissues used in the micorarray analysis were catecholaminergic, while the complete absence of mRNA encoding GFAP suggests a negligible level of contamination of the extracted LC RNA with mRNA of glial origin. Exactly why Animals 1 and 2 showed different levels of TH expression is unclear, but may stem from differences in physiological states of the two individuals. NE levels in the LC show circadian variation (Agren et al., 1986) and TH mRNA has been shown to increase in the LC of rats subjected to REM sleep deprivation (Porkka-Heiskanen et al., 1995) . It is possible that the level of LC activity and NE release may have differed between the two monkeys according to their activity pattern, waking state and level of stimulation (Cirelli et al., 1996; Aston-Jones et al., 2000; Berridge and Waterhouse, 2003) . On the other hand, closely matching GAPDH and ACTB expression levels in both animals imply that the expression levels observed for other genes were comparable between the two animals.
Our microarray data demonstrates that the rhesus macaque LC expresses genes that encode VGLUTs, which play a key role in glutamatergic neurotransmission by loading glutamate into presynaptic vesicles (Bellocchio et al., 1998; Bellocchio et al., 2000; Takamori et al., 2000) . VGLUT1 not only confers glutamate uptake activity to synaptic vesicles but is also considered sufficient to define a glutamatergic phenotype in neurons (Takamori, 2006) . Noxious, stressful corticoid and cardiovascular stimulation as well as opiate withdrawal resulting in glutamate efflux localized in the LC has been described using microdialysis and/or push-pull superfusion studies in anaesthetized rats (Aghajanian et al., 1994; Singewald et al., 1994) , conscious rats (Zhang et al., 1994; Feng et al., 1995; Hoshi et al., 1996; Tokuyama and Ho, 1996; Feng et al., 1997; Hoshi et al., 1997) and the conscious cat (Nitz and Siegel, 1997) . Although the efflux of glutamate from the LC has been attributed to release from afferents, the expression of glutaminase and VGLUT mRNA in the current study suggests that glutamate may also be synthesized and released within the LC itself. Similarly, the high expression of glutamic acid decarboxylase (GAD) mRNA in the LC suggests that the some of the endogenous glutamate may ultimately be converted into GABA.
The microarray analysis corroborated the immunohistochemical and in situ hybridization findings by showing that NR1, GluR1, GluR2, and GluR3 subunit mRNA is expressed in the rhesus macaque LC. The housekeeping genes GAPDH and ACTB are described as having a "moderately abundant" message (Bustin, 2000) . From this reference description, GluR3 expression could also be called moderately abundant, whereas gene expression of NR1 GluR1 and GluR2 could be described as "low to moderate". However such expression differences were not evident from visual inspection of in situ images where expression was clear and at roughly equivalent intensity between the subunits. Interestingly, some of the microarray's NR1 probe sets failed to disclose significant levels of NR1 gene expression. Although the exact reason for this is unclear, it could reflect the existence of multiple NR1 isoforms in the monkey LC. In rats, the NR1 subunit has eight isoforms, which are generated from alternative splicing of the NR1 gene sequence (Zukin and Bennett, 1995) . If similar splice variation occurs in the rhesus macaque LC it would reduce the hybridization probability of any given probe set. In addition, if expression of specific NR1 splice variants is limited, it could explain why only one of three probe sets showed significant hybridization using the rhesus macaque microarray.
The microarray analysis also showed expression of NR2A and NR2D receptor subunits in the LC. Although NR1 is considered to be the obligatory subunit of the multimeric NMDA receptor, overall function of this receptor is also dependent upon the presence of NR2 subunits (Ishii et al., 1993; Monyer et al., 1994; Behe et al., 1995) . Taken together, therefore, the presence of NR1, NR2A and NR2D supports the view that functional NMDA receptors are present within the rhesus macaque LC. Western blot analyses of LC homogenate from a human subject showed high immunoreactivity to NR1 and NR2C subunits and low immunoreactivity to NR2A and NR2B, whereas NR2C levels appeared elevated among depressive subjects (Karolewicz et al., 2005) . More recent evidence indicates that NR1 subunit expression is reduced in the LC of postmortem alcoholic human subjects compared to controls (Karolewicz et al., 2007 ). In the current study, NR2C subunit mRNA expression appeared possible in one of the two animals, but NR2B mRNA expression could not be detected. Together these data suggest that functional ionotropic NMDA glutamate receptors are present in the primate LC with the possibility of variability in subunit composition. Similarly, our disclosure of mRNA encoding all four AMPA receptor subunits (i.e., GluR1, GluR2, GluR3, and GluR4) suggests that functional AMPA receptors are also present.
In contrast, mRNA expression of the subunit components necessary for functional kainate receptors appears to be limited in the rhesus macaque LC. The only kainate receptor subunit with significant RNA expression was GluR6, while concomitant expression of other kainate receptor subunits (i.e., GluR5, GluR7, KA1 and KA2) appeared to be absent. Although homomeric GluR6 subunit expression is sufficient for the formation of a functional low-affinity kainate receptor (Sommer and Seeburg, 1992) , heteromeric expression with other subunits (KA1 and KA2) is necessary for the formation of high-affinity kainite receptors.
Confirmation of NR1 expression in the rhesus macaque LC by in situ hybridization and immunohistochemistry, in this and previous studies (Luque et al., 1995; Urbanski et al., 1997) , as well as the current demonstration of both NR1 and NR2 gene expression by gene microarray analysis, are consistent with the reported localization of NR1 and NR2 receptor subunits in the rat LC (Luque et al., 1995) . The NR1 subunit is widely expressed in the rat brain (Moriyoshi et al., 1991; Monyer et al., 1992) as well as in the rhesus macaque Kohama and Urbanski, 1997; Kohama et al., 1998) and human brain (Rigby et al., 1996) . Other NMDA subunits are more regionally restricted and specific combinations of NR1 (obligatory) subunits with NR2 and/or NR3 subunits determine the functional properties of a given NMDA receptor (Meguro et al., 1992; Ishii et al., 1993; Wafford et al., 1993; Sucher et al., 1995; Das et al., 1998; Vallano, 1998; Goebel and Poosch, 1999) . Because we focused our study on adult animals only we cannot exclude the interesting possibility that changes in NMDA receptors may vary with developmental stimulus, as has been described in the visual cortex (Fox et al., 1992) , and thereby modulate LC sensitivity to glutamatergic inputs.
Similarly, the relative gene expression levels that we observed for AMPA receptor subunits are consistent with previous in situ hybridization data from the rat (Tohyama and Oyamada, 1994) , where mRNAs encoding GluR1, GluR2, GluR3, and GluR4 AMPA receptor subunits were all expressed in the LC, and GluR2 mRNA expression was found to be the strongest. Although the exact functional role of AMPA receptors in the LC is unclear, the use of glutamate receptor antagonists to reduce LC activation resulting from opiate withdrawal indicates that AMPA receptors play a more active role than kainate or NMDA receptors (Rasmussen, 1995; Rasmussen et al., 1996) . Interestingly, the LC expressed mRNA sequences for five of the eight metabotropic glutamate receptor subunits, suggesting that glutamatergic influence within this nucleus is likely to be mediated not only by NMDA and AMPA ionotropic receptors but also by the metabotropic receptors. Of the known metabotropic receptors (which make use of second messenger systems), the mGluR5 receptor appears to play a role in activating the rat LC after opiate withdrawal (Rasmussen et al., 2005) , which is consistent with our observation that mGluR5 mRNA is highly expressed in the rhesus macaque LC. In addition, the mGluR2/3 receptor antagonist LY341495 reduces LC activity in response to opiate-withdrawal-induced activation (Vandergriff and Rasmussen, 1999; Rasmussen et al., 2004) , which is also consistent with our observation that mGluR3 mRNA, but not mGluR2 mRNA, is also highly expressed in the primate LC. However it should be noted that members of the mGluR family are further classified into groups according to sequence similarities, signal transduction mechanisms and agonist selectivities. Currently mGluR 2 and 3 belong to the same mGluR2/3 subgroup, which has very different agonist selectivity compared to the mGluR1/5 or the mGluR4/6/7 subgroups (Nakanishi, 1992; . Under this classification system, a representative from each of the three mGluR subgroups was expressed in the rhesus LC based upon microarray analysis. However, more selective agonists are required for more detailed study of the mGluR subunits.
As emphasized above, the present study represents a first attempt at comprehensive characterization of glutamate receptor expression in the LC of a primate species. The results should have clinical relevance, given that changes in glutamate receptor subunit composition play a role in synaptic plasticity (Olson and Freeman, 1980; Vallano, 1998; Erreger et al., 2005; Kohr, 2006; Bartlett et al., 2007) ), and are targets of pharmacological research aimed at treating Alzheimer's disease, schizophrenia and depression (O'Neill et al., 2004; Black, 2005; Palucha and Pilc, 2005; Planells-Cases et al., 2006; Beneyto et al., 2007) .
Experimental Procedures
Animals
Adult rhesus macaques (Macaca mulatta) were cared for in accordance with the NIH Guide for the Care and Use of Laboratory Animals by the Division of Animal Resources at the Oregon National Primate Research Center (ONPRC). Ultimately they were euthanized with sodium pentobarbital and provided postmortem tissue for this and other studies, via the ONPRC Tissue Distribution Program (TDP). To obtain hindbrain tissue suitable for immunohistochemistry and in situ hybridization, the brains were perfused via aortic cannulation with 1 liter of 0.9% saline followed by 6.5 liters of ice-cold 4% paraformaldehyde in 3.8% sodium tetraborate buffer (pH 9.5). For GeneChip® microarray profiling, brains from two additional ovariectomized adult rhesus macaques were obtained through the TDP. After perfusion via with 1 liter of 0.9% saline, these brains were immediately removed and blocked at the rostral juncture of the cerebellum and midbrain. The tissue was preserved in RNAlater® (Ambion; Austin, TX) and the LC was subsequently microdissected from the surrounding tissue.
Tissue preparation for immunohistochemistry and in situ hybridization
For immunohistochemistry and in situ hybridization, the brains were removed immediately after paraformaldehyde perfusion and the hindbrain was immersed in fresh fixative for an additional 3 h at 4°C. The tissue was cryoprotected, first by immersion for 24 h in a 10% glycerol solution in 0.02 M phosphate buffer containing 2% dimethyl sulfoxide (DMSO) and then by immersion for an additional 72 h in a similar phosphate/DMSO solution containing 20% glycerol. The tissue was then rapidly frozen in 2-methylbutane that was pre-cooled in an ethanol/dry-ice bath, and stored at −85°C. Subsequently, frozen coronal sections (25 μm) were cut using a sliding microtome and were processed either for immunohistochemistry or in situ hybridization. In the latter case, the sections were mounted on glass microscope slides (Fisherbrand Superfrost/Plus; Fisher, Auburn, WA), air dried for 30 min, vacuum dried overnight, and then stored at −85°C for later use.
Immunohistochemistry
To identify the location of the LC, immunohistochemistry was performed on selected freefloating brain sections using a mouse monoclonal antibody specific to tyrosine hydroxylase (TH) (Boehringer-Mannheim Corp., Indianapolis, IN), as previously demonstrated . To reduce the level of non-specific immuno-labeling the sections were preincubated for at least 1 h at room temperature in a 50 mM Tris buffer (pH 7.6) containing 0.9% NaCl, 0.1% Triton® X-100 (Tris A), and 2% normal horse serum. They were then incubated overnight at 4°C with the TH antibody at a dilution of 1:500 in Tris A. Sections adjacent to TH-containing sections were immunostained for NMDA and AMPA ionotropic glutamate receptor subunits, using rabbit polyclonal antibodies against NR1, GluR1, and GluR2/3 (Chemicon Int; Temecula, CA). Each of these antibodies has been shown to be immunospecific to the C-terminus of the corresponding rat receptor subunits, and the NR1 antiserum is thought to recognize four of the seven splice variants (i.e., R1A, R1B, R1C, AND R1F) of the rat NR1 receptor subunit (Petralia and Wenthold, 1992; Wenthold et al., 1992; Petralia et al., 1994) . Each of these polyclonal antibodies has been previously validated for use with rhesus macaque brain tissue . They were used at a dilution of 1-4 μg/ml in Tris A and the primary incubations were performed at 4°C for 30 h on an orbital shaker. Sections were then washed Tris A (3×10 min) and incubated for 1 h at room temperature with a biotinylated antibody. Biotinylated horse anti-mouse IgG (1:1000 dilution, Vector Laboratories, Burlingame, CA) was used for TH staining, and biotinylated goat anti-rabbit IgG (1:1000 dilution, Vector Laboratories) was used for glutamate receptor subunit staining. Sections were then washed again in Tris A (3×10 min) and incubated for 1.5 h with a peroxidase-coupled avidin-biotin complex (Peroxidase-ABC Kit; Vector Laboratories). After further washing with Tris A, the sections were incubated in Tris-saline solution containing 3,3′-diaminobenzidine tetrahydrochloride (DAB;10 mg/ml) and 0.003% H 2 O 2 for approximately 10 min. They were then rinsed with Tris-saline buffer, mounted on glass microscope slides (Fisherbrand Superfrost/Plus), air-dried, dehydrated, cleared, and coverslipped using DPX mounting medium (Electron Microscopy Sciences, Ft. Washington, PA).
In situ hybridization
Although the GluR2/3 antibody used for the immunohistochemical study produced dense immunostaining, it was unclear from these observations if the Glu2, Glu3 or both of the two AMPA receptor subunits was being expressed. In order to distinguish between the GluR2 and GluR3 receptor subunits and to corroborate the other immunohistochemical findings, in situ hybridization was performed on sections adjacent to those showing immuno-positive labeling of TH. Specific anti-sense 35 S-labeled cRNA probes were transcribed from rat cDNAs encoding the NR1, GluR1, GluR2 and GluR3 glutamate receptor subunits. The lengths of the riboprobes varied from 300-600 nucleotides. The NR1 antisense probe (450 nucleotides) corresponded to the region between the PstI and EcoRI restriction sites of the NR1 cDNA (Moriyoshi et al., 1991) . The GluR1, GluR2 and GluR3 antisense probes were transcribed from the corresponding Flop cDNAs, which were cut at the XmnI, SphI and SalI restriction sites respectively (i.e., 273, 428 and 623 nucleotides from the 3′ end of the corresponding cDNA) (Hollmann et al., 1989; Boulter et al., 1990) . In each case, synthesis of the RNA transcripts was performed following the instructions supplied with a transcription kit (Promega, Madison, WI).
Each of these glutamate receptor subunit riboprobes has previously been validated for use in paraformaldehyde-fixed rhesus macaque brain tissue Kohama et al., 1998) .
The hindbrain sections were post-fixed in 4% paraformaldehyde, 0.1 M phosphate buffer, pH 7.4, for 15 min, rinsed in Tris-EDTA, and then were treated with proteinase K (10 μg/ml) in Tris-EDTA buffer (pH 8.0) for 30 min. Next, they were acetylated, dehydrated with ethanol, dried under vacuum for 2 h, and then hybridized overnight at 60°C with 25 μl of antisense 35 S-labeled riboprobe diluted to 10×10 6 c.p.m. per ml of hybridization buffer (50 mM dithiothreitol, 250 μg/ml tRNA, 50% formamide, 0.3 M NaCl, 1× Denhardt's solution, 20 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0), and 10% dextran sulfate). The post-hybridization step involved washing off coverslips in 4x saline-sodium citrate buffer (SSC; the 20× stock solution comprised 175.3 g sodium chloride and 88.2 g sodium citrate per liter (pH 7.0)) containing 20 mM dithiothreitol. The sections were then incubated in Tris-EDTA buffer (pH 8.0) containing RNase A (10 μg/ml) for 30 min at 37°C, followed by two 30-min washes with 2× SSC at room temperature, and a final wash with 0.1× SSC at 70°C. The mounted sections were then dehydrated using an ascending ethanol gradient, containing 0.3 M ammonium acetate, and air-dried for 30 min. To visualize the hybridization pattern of the 35 S-labeled RNA probe, the section were dipped in NTB-2 photographic emulsion (Eastman Kodak Company, Rochester, NY) and exposed for five days at 4°C in a light-tight box. The mounted sections were subsequently processed with Kodak developer (D-19) and fixer, counterstained with 0.1% thionin, dehydrated with ethanol, cleared with xylenes, and finally coverslipped using DPX mounting medium (Electron Microscopy Sciences).
Hybridization to Affymetrix Rhesus Genome GeneChip® Array
In order to further examine expression of glutamate receptor subunit genes in the LC, we conducted a microarray analysis of rhesus macaque LC. Whole RNA was extracted from the tissues using the Qiagen RNeasy mini kit, following the manufacturer's instructions. Briefly, tissues were homogenized in RLT buffer with 1% β-mercaptoethanol. RNA was collected onto RNeasy mini columns and eluted in water, where quality was assessed using an Agilent 2100 Bioanalyzer. For both samples, the RNA quality exceeded the level recommended by Affymetrix for hybridization to the Rhesus Genome GeneChip® (micro)array.
Microarray assays were performed in the Affymetrix Microarray Core (AMC) of the OHSU Gene Microarray Shared Resource. Samples were prepared using the AMC One-cycle cDNA IVT (in vitro transcription) amplification/labeling protocol (Standard Labeling). Each sample target was hybridized to a Rhesus Genome GeneChip® microarray and image processing and expression analysis were performed using Affymetrix GeneChip® Operating Software (GCOS) version 1.2. After GCOS analysis, absolute analyses were re-run using global scaling to an average target intensity of 200. In this way, scaling allowed for direct comparison of the hybridization values from the two targets. The parameters α 1 and α 2 , which set the point at which the probe set is called present, marginally present, or undetectable, were set to 0.05 and 0.065 (Affymetrix defaults) respectively. These parameters were used to determine expression levels for each probe set based on the detection P-value of the probe set. An assay performance assessment was conducted to confirm that the quality of the RNA used was acceptable and that genome hybridizations performed well. The performance assessment (conducted by AMC) was based on the GCOS analysis, and pair-wise scatter plots of Affymetrix Microarray Suite (MAS) absolute analyses. We used Affymetrix probe set ID numbers to search the GeneChip® microarray for oligonucleotide signal intensities associated with genes for subunits of ionotropic glutamate receptor genes from the NMDA, AMPA and kainate families as well as orphan (delta) subunits (Dingledine et al., 1999) . Probe set ID assignments were referenced according to listings for the Rhesus GeneChip® microarray and searched using the Affymetrix online Netaffx™ Analysis Center software (query function). We considered a probe set to be expressed if it was detected as "present" in both animals.
In addition to searching the GeneChip® database for glutamate receptor subunits we used these methods to confirm the specificity of our LC mRNA by examining gene expression for tyrosine hydroxylase (TH), which is indicative of catecholamine synthesis and so reliably identifies cells within the LC but not in the surrounding pericoerulear tissue. The pericoerulear tissue has a high concentration of glial cells relative to the LC; therefore as a negative control, we examined GFAP expression to test for RNA contamination from cells surrounding the LC (Table 1) . We also focused on the expression of genes encoding VGLUT and glutaminase (to explore the hypothesis that the neurotransmitter glutamate is itself synthesized within the LC), and on glutamic acid decarboxylase (GAD) (to explore the possibility that endogenous glutamate is converted to GABA within the LC). Lastly, we examined the expression of ACTB and GAPDH as a signal intensity reference because these housekeeping genes are reliably expressed in many tissues under various conditions, and are used as standards for normalizing errors in mRNA quantification (Bustin, 2000; Suzuki et al., 2000) . Distribution of TH and glutamate receptor subunit proteins in individual cell bodies of the rhesus macaque LC, as revealed by immunohistochemistry using DAB as the chromogen. Arrows indicate representative cell bodies showing positive immunostaining. Scale bar = 100 μm.
